Whereas intra-renal angiotensinogen is predominantly localized in proximal tubular cells under basal conditions, it has been previously reported that angiotensinogen expression is induced in glomeruli under pathological conditions. However, there is no detailed information regarding the mechanism of the induced glomerular angiotensinogen. We used genetic pairs of Zucker diabetic fatty (ZDF) obese and lean rats to determine glomerular angiotensinogen expression. The levels of glomerular angiotensinogen immunoreactivity in ZDF obese rats were higher than those in ZDF lean rats. Double staining by IHC or IF with angiotensinogen and Thy1.1 antibodies showed that the majority of angiotensinogen in glomeruli was seen in mesangial cells. The levels of glomerular immunoreactivity for 4-HNE and urinary excretion of 8-isoprostane-markers of ROS-in ZDF obese rats were higher than those in ZDF lean rats. To confirm this system, primary rat mesangial cells were treated with hydrogen peroxide (H 2 O 2 ) to clarify the signal transduction pathway for glomerular angiotensinogen expression. H 2 O 2 induced an increase in angiotensinogen expression in a dose-and time-dependent manner, and the H 2 O 2 -induced upregulation of angiotensinogen was suppressed by catalase. Furthermore, the H 2 O 2 -induced upregulation of angiotensinogen was inhibited by a mitogenactivated protein kinase (MAPK) kinase (MEK) inhibitor and a c-Jun N-terminal kinase (JNK) inhibitor, but not inhibited by a p38 MAPK inhibitor. These data suggest that the majority of angiotensinogen was induced in mesangial cells in glomeruli under pathological conditions such as diabetic nephropathy, and angiotensinogen expression in mesangial cells was mediated by H 2 O 2 and the subsequent activation of extracellular-regulated kinase (ERK)/JNK pathways.
INTRODUCTION
The intra-renal renin-angiotensin system (RAS) has a crucial role in the regulation of renal function and the pathophysiology of hypertension. 1, 2 Activation of the intra-renal RAS was reported in several animal models of hypertension and kidney disease. [3] [4] [5] [6] Angiotensinogen (AGT) is the only known substrate for renin, which is the ratelimiting enzyme of the RAS. 7 In the normal kidney, both AGT mRNA and protein are mainly expressed in the proximal tubules, and only small amounts are present in the glomeruli. [8] [9] [10] [11] We have previously reported weak positive staining of AGT in glomerular endothelial cells in normal kidneys. 12 In addition, we have reported significantly high AGT expression in the glomeruli in IgA nephropathy patients compared with that in control subjects. 13 However, glomerular cells that express AGT mainly under pathophysiological conditions have not been identified.
It has been reported that angiotensin-II (Ang-II) upregulates AGT expression in immortalized rat proximal tubular cells, 14 and that exposure to high glucose induces AGT expression in primary rat mesangial cells. 15, 16 However, the stimulus that induces AGT expression in individual cells in the glomerulus has not been confirmed.
The signal transduction pathways involved in AGT expression are currently being investigated. We have recently reported that in immortalized human renal proximal tubular epithelial cells, Ang-II acts synergistically with interleukin-6 to increase AGT expression through activation of nuclear factor-kB and the signal transducer and activator of transcription-3. 17 It has also been reported that in immortalized rat proximal tubular cells, a high glucose concentration stimulates AGT expression through reactive oxygen species (ROS) generation and subsequent p38 mitogen-activated protein kinase (MAPK) expression. 18 However, the signal transduction pathway that induces AGT expression has not been completely elucidated yet.
Thus, this study was performed to clarify whether AGT expression in the glomeruli increases in diseased kidneys and to identify the glomerular cells that express the majority of AGT. We have also attempted to identify the stimuli that induce AGT expression in individual cells in the glomerulus and the signal transduction pathway associated with glomerular AGT expression.
METHODS

Experimental animals
The experimental protocol was approved by the Institutional Animal Care and Use Committee of Tulane University. Genetic pairs of male Zucker diabetic fatty (ZDF) obese rats (ZDF/GmiCrl-fa/fa) and age-matched control ZDF lean rats (ZDF/GmiCrl-+/fa) were purchased from Charles River Laboratories (Wilmington, MA, USA) and maintained as described previously. 19 Because it was previously reported that AGT expression in the cortex increases at week 18, 19 the rats were killed at week 18 in this study.
Primary culture of rat mesangial cells
Mesangial cells were cultured by standard techniques using glomerular isolation with different sieves. [20] [21] [22] Mesangial cells were maintained and used between passage-5 and 9 as described previously. [20] [21] [22] Study design for the cell experiments
For the RNA experiments, mesangial cells were plated and were treated with hydrogen peroxide (H 2 O 2 ) (Fisher Science, Pittsburgh, PA, USA) at the indicated concentration. To confirm the influence of H 2 O 2 on AGT expression, mesangial cells were co-treated with 300 U ml À1 catalase (Sigma, St Louis, MO, USA) as described previously. 18 To examine the signal transduction pathway involved in AGT expression induced by H 2 O 2 treatment, mesangial cells were treated with a specific MAPK kinase (MEK) inhibitor (U0126) (Sigma), a c-Jun N-terminal kinase (JNK) inhibitor (SP600125) (Sigma) or a p38 MAPK inhibitor (SB203580) (Calbiochem, Madison, WI, USA) as described previously. 23 Cell lysates and supernatants were collected in a similar manner to the RNA experiments. Every hour, 5Â10 À5 M H 2 O 2 was added and the supernatants were collected at 0, 4 and 7 h. To collect cell lysates, 10 À4 M H 2 O 2 was added and the lysates were harvested at 0, 5, 10 and 15 min.
Evaluation of glomerular AGT expression
Kidney tissues were fixed in zinc-saturated formalin and embedded in paraffin, and 3-mm-thick tissue sections were prepared. To examine the expression levels of glomerular AGT, immunohistochemical analysis of AGT was performed with a rabbit polyclonal anti-mouse/rat AGT antibody (Immuno-Biological Laboratories Co. Ltd, Takasaki, Japan), using a robotic system (Autostainer; DakoCytomation, Glostrup, Denmark), and was counterstained with hematoxylin. Twenty glomeruli were examined for each rat and the intensity of AGT immunoreactivity (brown) corrected for the size of glomeruli was calculated using the Image-Pro Plus software (Media Cybernetics, Bethesda, MD, USA). Thereafter, the average intensity of AGT immunoreactivity was calculated for each rat. 24 Double staining by IHC Double staining by immunohistochemistry (IHC) using anti-AGT and Thy1.1 (a specific marker for mesangial cells) antibodies was performed using the DakoCytomation Envision Doublestain System (DakoCytomation). First, the kidney tissues were stained with a mouse monoclonal anti-rat Thy1.1 antibody (Serotec, Kidlington, UK), using 3,3¢-diaminobenzidine (brown); after this, they were stained with the anti-AGT antibody, by using Fast Red (red).
Double staining by IF
Frozen sections of 3 mm thickness were prepared and double staining was performed using anti-AGT antibody with either an anti-Thy1.1 antibody or a mouse monoclonal anti-rat synaptopodin (a specific marker of glomerular epithelial cells) antibody (Progen Biotechnik, Heidelberg, Germany). The sections were incubated with an Alexa Fluor-594-labeled secondary antibody (Molecular Probes, Eugene, OR, USA) for the anti-AGT antibody and an Alexa Fluor-488-labeled secondary antibody (Molecular Probes) for the anti-Thy1.1 antibody and anti-synaptopodin antibody. Renal localization of AGT was investigated with an immunofluorescence (IF) microscope (BX51; Olympus, Tokyo, Japan).
Evaluation of glomerular 4-HNE expression
The intensity of 4-hydroxy-2-nonenal (4-HNE), which is a marker of oxidative stress, 25 in the glomeruli was examined by IHC using a mouse monoclonal anti-4-HNE antibody (Japan Institute for the Control of Aging, Fukuroi, Japan) as previously described. 5, 13, 24 Urinary protein and 8-isoprostane measurements Before killing, 24-h urine samples were collected at week 18. Urinary protein excretion was measured by colorimetric assays (Bio-Rad, Hercules, CA, USA). As a marker of oxidative stress, 8-isoprostane-the major urinary metabolite of F2-isoprostanes-was used. 26 It is reported that 8-isoprostanes is synthesized by mesangial cells in the ambient high-glucose condition. 27 We therefore measured its urinary concentrations as described previously. 19 Quantitative real-time RT-PCR AGT mRNA expression in the rat mesangial cells was evaluated by quantitative real-time RT-PCR (qRT-PCR) performed using the TaqMan PCR system (Applied Biosystems Inc., Foster City, CA, USA) as described previously. 5, 17 The data were normalized by the expression levels of rat b-actin mRNA. The following probes and primers were used: AGT: forward primer, 5¢-GAAGATG AACTTGCCACTAGA-3¢; reverse primer, 5¢-AAGTGAACGTAGGTGTTGAA A-3¢; and probe, 5¢/6-FAM/CAGCACGGACAGCACCCTATT/BHQ1/3¢; b-Actin: forward primer, 5¢-ATCATGAAGTGTGACGTTGA-3¢; reverse primer, 5¢-GAT CTTCATGGTGCTAGGAGC-3¢; and probe, 5¢/HEX/TCTATGCCAACACAGTG CTGTCTGGT/BHQ2/3¢.
Western blot analysis
AGT was secreted in culture media but not found in cell lysates, as described previously. 28 Therefore, the same numbers of cells were plated and maintained under the same conditions in each well. Thereafter, the supernatants from the culture medium were concentrated using a Microcon Centrifugal Filter Device (Millipore, Billerica, MA, USA). To detect the levels of phosphorylation of extracellular-regulated kinase (ERK), p38 MAPK and JNK in the cell lysates, the cells were harvested. Thereafter, western blot analysis was performed as described previously using the Odyssey System (Li-Cor Biosciences, Lincoln, NE, USA). 17 A rabbit polyclonal anti-mouse/rat AGT antibody (ImmunoBiological Laboratories) was used for rat AGT detection. Mouse monoclonal anti-phospho-ERK, anti-phospho-p38 MAPK and anti-phospho-JNK antibodies (Cell Signaling, Danvers, MA, USA) were used for detection of phosphorylation of ERK, p38 MAPK and JNK. Thereafter, the phosphorylation levels were normalized using rabbit polyclonal anti-total-ERK, anti-total-p38 MAPK and anti-total-JNK antibodies (Cell Signaling), respectively.
Statistical analysis
The differences among the groups with respect to various parameters were evaluated using analysis of variance. Statistical analysis was performed with the StatView software (Abacus Concepts Inc., Berkeley, CA, USA). All the data are presented as the mean ± s.d. Po0.05 was considered statistically significant.
RESULTS
Increase of urinary protein excretion and induction of AGT expression in the glomeruli of ZDF obese rats
To evaluate the glomerular disease of ZDF obese rats, urinary protein excretion was measured. Urinary protein excretion of ZDF obese rats was significantly higher than that of ZDF lean rats (ZDF obese rats, 22.1 ± 2.7 mg day À1 versus ZDF lean rats, 6.8 ± 0.6 mg day À1 , Po0.01).
The kidney tissues of ZDF lean and obese rats were immunohistochemically analyzed for AGT. As indicated by the arrows, it seems likely that the majority of glomerular AGT staining was found in mesangial cells. AGT immunoreactivity in the glomeruli of ZDF obese rat was significantly increased compared with that of ZDF lean rat ( Figure 1A ).
Regions showing AGT expression in the glomerulus
To confirm AGT expression in the mesangial cells in the glomeruli, we performed double staining by IHC with anti-AGT and Thy1.1 antibodies. It was confirmed that the majority of glomerular AGT was expressed in mesangial cells, as indicated by the arrows. However, as indicated by the asterisk, there was some minor staining that was observed in cells other than mesangial cells and there was a possibility that they were localized in podocytes ( Figure 1B) . To detect the regions of glomerular AGT expression more clearly, we performed double staining by IF using an anti-AGT antibody with either an anti-Thy1.1 antibody or an anti-synaptopodin antibody. Merged regions between the anti-AGT antibody and anti-Thy1.1 antibody were much larger than those between the anti-AGT antibody and anti-synaptopodin antibody. This result shows that AGT was expressed more largely in mesangial cells than in glomerular epithelial cells ( Figure 1C ).
Induction of ROS in ZDF obese rats
The intensity of immunoreactivity for 4-HNE was monitored in the glomerulus in ZDF lean and obese rats. It was remarkably high in ZDF obese rats compared with that in the ZDF lean rats ( Figure 1D ). In addition, urinary excretion of 8-isoprostane was significantly high in the ZDF obese rats compared with that in the ZDF lean rats ( Figure 1E ).
Augmentation of AGT mRNA expression by H 2 O 2 treatment
Primary rat mesangial cells were treated with H 2 O 2 to examine the effect of ROS on AGT mRNA expression. The AGT mRNA expression Figure 1 (A) Comparison of glomerular AGT expression levels between ZDF lean rats and ZDF obese rats at week 18. Representative photomicrographs of immunoreactivity for glomerular AGT in ZDF lean rats and ZDF obese rats at week 18. As the arrows indicate, it seems likely that the majority of glomerular AGT was expressed in mesangial cells. The immunoreactivity for glomerular AGT in ZDF obese rats was remarkably increased compared with that in ZDF lean rats. Original magnification: Â400. Semi-quantitative analysis of intensity of glomerular AGT immunoreactivity corrected for the size of glomeruli in ZDF lean rats and ZDF obese rats at week 18. Twenty glomeruli were examined for each rat and the averaged intensities of AGT immunoreactivity corrected for the size of glomeruli were obtained for each rat. The ratio was calculated relative to ZDF lean rat. *Po0.05 vs. ZDF lean rat. (B) Regions of glomerular AGT expression in ZDF obese rats as observed by immunohistochemical double staining. Representative photomicrograph of ZDF obese rats at week 18. Double staining was performed by IHC with an anti-AGT antibody (red) and an anti-Thy1.1 (a specific marker for mesangial cells) antibody (brown). As the arrows show, the majority of mesangial cells were double-stained. Conversely, as the asterisk shows, there was some minor staining that was observed in cells other than mesangial cells. Original magnification: Â400. (Figure 2c ). In addition, primary rat mesangial cells were treated with 5Â10 -5 M H 2 O 2 every hour, and the AGT protein level in the supernatants was examined. AGT protein in the supernatants was detectable at 4 h after H 2 O 2 stimulation, and it was observed to increase up to 7 h. The H 2 O 2 -induced accumulation of AGT protein in the supernatants was completely suppressed by catalase treatment, in a manner similar to that observed for AGT mRNA expression (Figure 2d ).
H 2 O 2 -induced AGT expression through MAPK pathways
The MAPK pathways were examined to determine the signal transduction pathway for AGT expression. Primary rat mesangial cells were treated with 10 -4 M H 2 O 2 and harvested every 5 min after H 2 O 2 stimulation. Phosphorylation of ERK, JNK and p38 MAPK was significantly increased from 10 min after H 2 O 2 stimulation, and the H 2 O 2 -induced increase in ERK, JNK and p38 MAPK phosphorylation was suppressed by catalase treatment (Figures 3a-c ).
U0126-a specific MEK inhibitor-suppressed the H 2 O 2 -induced upregulation of AGT mRNA in a dose-dependent manner (Figure 4a ). It also suppressed the H 2 O 2 -induced augmentation of AGT protein levels in the supernatants (Figure 4b ). These data were also confirmed using another MEK inhibitor, PD98059 (Sigma) (data not shown). 
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Treatment with a high dose of SP600125-a specific inhibitor of JNK-slightly but significantly suppressed the H 2 O 2 -induced upregulation of AGT mRNA expression (Figure 4c ). Similar to AGT mRNA expression, accumulation of AGT protein in the supernatants was slightly but significantly suppressed by SP600125 treatment (Figure 4d) .
Conversely, SB203580-a specific inhibitor of p38 MAPK-neither inhibited the upregulation of AGT mRNA by H2O2 treatment (Figure 4e ) nor suppressed the accumulation of AGT protein in the supernatants (Figure 4f ).
DISCUSSION
It has been reported that the activated RAS has a role in the development and progression of diabetic nephropathy. 15, 16, 18, 19, 29 For example, in the RENAAL study, it was found that losartan-an Ang-II type-1 receptor blocker-conferred significant renal benefits in 1513 nephropathy patients with type-2 diabetes. 29 Hsieh et al. 18 demonstrated the stimulatory action of high glucose on the expression of the AGT gene in immortalized rat proximal tubular cells. In addition, using western blot analysis, we have previously shown that the AGT expression levels were high in the cortex of 18-week-old ZDF obese rats compared with those in the cortex of ZDF lean rats. 19 Therefore, we used 18-week-old ZDF obese and lean rats in this study; the levels of glomerular AGT were found to be high in ZDF obese rats compared with that in ZDF lean rats.
Hyperglycemia not only generates more ROS but also attenuates antioxidative mechanisms through non-enzymatic glycation of oxidant enzymes. 30 It has also been reported that high glucose stimulates H 2 O 2 production by mesangial cells. 31 Furthermore, overexpression of catalase in gene-targeted animal attenuates intra-renal AGT expression in diabetes. 32 In the study conducted by Namikoshi et al. 33 on ZDF obese rats, it was observed that the expression of the mRNA of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase components (p22 phox and p47 phox) was upregulated in the renal cortex. In this animal study, we also showed that the levels of AGT induction in mesangial cells through ROS-ERK/JNK N Ohashi et al glomerular AGT expression, immunoreactivity for 4-HNE in the glomeruli and urinary excretion of 8-isoprostane were increased in ZDF obese rats compared with those in ZDF lean rats. These data suggest that ROS, including H 2 O 2 , upregulates the levels of glomerular AGT expression in ZDF obese rats compared with those in ZDF lean rats. Unfortunately, we did not show whether glomerular AGT expression in ZDF obese rats was suppressed by antioxidant treatment. Furthermore, there is so far no direct evidence to show this. However, we previously showed that an antioxidant, tempol, suppressed the upregulation of intra-renal AGT expression in Dahl-salt-sensitive rats fed on a high-salt diet. 34 In the future, a study is needed to examine whether an antioxidant treatment suppresses the upregulation of glomerular AGT expression in ZDF obese rats. H 2 O 2 has the capacity to inhibit the action of tyrosine phosphatases through oxidation of cysteine residues in their catalytic domain, which in turn activates tyrosine kinases and downstream signaling; it is therefore well established that H 2 O 2 is the main ROS mediating cellular signaling. 35, 36 This is why we used H 2 O 2 to induce AGT expression in this cell study to elucidate ROS-mediating cellular signaling. In addition to an effect on the transcriptional activation for cellular signaling, H 2 O 2 is associated with lack of stabilization of some mRNAs. 37 It is considered that this is why AGT mRNA was increased quickly after H 2 O 2 administration and decreased rapidly thereafter in this study. Recently, many investigators have focused on podocytes for research because they not only serve as a filtration barrier against proteins, but also have an important role in the pathogenesis of certain renal diseases. 38, 39 Yoo et al. 39 reported that the AGT mRNA and protein levels were significantly increased in podocytes cultured under highglucose conditions. Furthermore, using immunohistochemical analysis they showed that the AGT-positive cells within the glomeruli were podocytes and mesangial cells, with a predominance of the former, and that the semi-quantitative staining scores for glomerular AGT were significantly higher in streptozotocin-induced diabetic nephropathy rats than in control rats. In this study, there was some minor staining that was observed in cells other than mesangial cells and there was a possibility that they were localized in podocytes by immunohistochemical double staining. Furthermore, it was confirmed by IF analysis that the levels of glomerular AGT expression were much less in podocytes than in mesangial cells. This discrepancy of AGT expression levels between mesangial cells and podocytes in the glomerulus is probably due to the difference of types in the diabetes mellitus model (streptozotocin-induced diabetes mellitus rat (type-1 diabetes mellitus) versus ZDF obese rat (type-2 diabetes mellitus)) and/or the difference of methods, including the different anti-AGT antibody. In the near future, a separate study will be performed to examine the stimuli and pathways that induce AGT expression in podocytes.
The pivotal roles of certain MAPK pathways, which are activated by H 2 O 2 treatment, in certain cell types have been reported. 40, 41 For example, Wang et al. 40 reported that (1) treating HeLa (human cervical carcinoma) cells with H 2 O 2 activated ERK, p38 MAPK and JNK; (2) ERK was important for cell survival in the case of oxidant injuries; (3) JNK had a role in the induction of apoptosis and (4) p38 MAPK did not affect the outcome of cell survival. Conversely, Pat et al. 41 showed that, although H 2 O 2 stimulation caused the activation of ERK but not JNK in rat renal fibroblasts, it activated both ERK and JNK in rat renal epithelial and endothelial cells. They also showed that activation of ERK in fibroblasts and of JNK in epithelial cells were associated with oxidative stress-induced apoptosis. Furthermore, Hsieh et al. 18 reported that AGT expression is induced through p38 MAPK expression. Therefore, we have focused on the ROS-MAPK family pathways for AGT expression and clarified that H 2 O 2 induced AGT gene expression by the ERK pathway and to a lesser extent by the JNK pathway, but not the p38 MAPK pathway, in this study.
In conclusion, mesangial cells in the glomeruli mainly express AGT under pathological conditions such as diabetic nephropathy. Furthermore, AGT expression in mesangial cells is induced through H 2 O 2 and the subsequent activation of ERK/JNK, but not p38 MAPK, pathways. These data provide a novel insight into the mechanisms of the activated intra-renal RAS in the development of diabetic nephropathy.
